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Technical Report Summary

This is the third semiannual report dealing with an
investigation of multiple seismic events and first zone
discriminants. Reported here are the results obtained
from studying secondary arrivals from a series of under-
ground nuclear shots at the Nevada Test Site and a natural
earthquake in the same general source region utilizing
Cepstrum analysis techniques.

Cepstrum analysis, when applied to real data at first
zone distances, yields a number of peaks in the resulting
cepstra. The signal to noise level appears rather low and
the peaks cannot be readily differentiated on the basis
of amplitude. Lacking any significant differences in
amplitude, it is necessary to consider all of the resulting
peaks. When the delays associated with all the peaks are
considered as a function of station distance and azimuth,
tentative identifications are possible. The scatter of
the resulting data, however, is high and some subjective
evaluation is required. In view of the subjective ele-
ments in the identification, it does not appear that the
method can be converted to a simple machine procedure.

The identification of arrivals coes appear possible
when sufficient data are available and subjective evalua-
tions are allowed. Selected arrivals exhibit the
characteristics of single sources and multiples of hori-

zontally separated events.
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A delay arrival, occurring at approximately 0.70 sec
at 200 km with moveout of about 0.08 sec per 100 km,
occurred for five of the six nuclear events. This is
tentatively identified as pP. Very little data is avail-
able on pP at these distance and depth ranges. Thus, if
this identification is correct, the knowledge of pP is
extended.

Due to the necessity of considering the measured
delays as a function of distance and azimuth, station
coverage requirements for the detection of multiple events
are severe. The detection of P-P delays appears to require
stations at 20° azimuth intervals. The detection of the
pP arrival requires at least 8 stations located at 50-75
km intervals over a 500 km range.

The "a" scaling factor was not recovered for the
nuclear events considered in this study. The failure to
recover the value resulted from limitations in available
computer time. 1In addition, the available station coverage
of azimuth and distance was somewhat limited and far from
the ideal given above. Despite these limitations, the
detection of multiple events appeared possible in some
cases.

On the basis of theoretical considerations and limited
tests, values of the "a" factor can be recovered with some
degree of accuracy. While recovery is possible, the

resulting "a" is both theoretically and practically
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ambiguous, and because of this may prove of little value
in the identification of multiple events. However, despite
the ambiguous nature of "a", this value would be useful in
the identification of pP.

No obvious propagation path effects due to differences
in geology are evident from the data. While the results
from an actual earthquake appear different from the results
obtained from nuclear events, insufficient data was avail-
able to establish a quantitacive difference. It is
interesting to note, however, that for the available data,
the variance associated with the predominant peaks of the
earthquake was 0.5 seconds, while the variance associated
with the predominant peaks of nuclear events was approxi-

mately 0.1 seconds.
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is divided into the following categories and will be dis-
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Introduction

The purpose of the research reported here is to
evaluate one of the methods for the discrimination of
multiple nuclear events from single nuclear and natural
events at distances less than 1000 km. The basis for the
method of discrimination investigated is the relationship
of the delay of arrivals, following the initial P arrival,
to azimuth and distance. These relationships should be
characteristic of the event type. Cepstrum dnalysis is
used to determine the delay of the secondary arrivals
(Bogart, Healy, and Tukey, 1973). This method of analysis
will be applied to records of selected events within the
Nevada Test Site. This study will be a near source appli-
cation of cepstrum analysis to events at distances ranging
from 150 km to 415 km. Where possible, the relationships
of any detected arrivals to distance and azimuth will be
used to predict the nature of the event.

This repor: is based on the thesis prepared by
Zimdars (1974) which was sponsored by this project. The
results of our investigations into spectral and correlation
analyses between the seismic signals from earthquakes and
nuclear events will be presented in the next scheduled

semiannaal report.
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Theoretical Considerations

Source Parameters and Multiple Arrivals

One method of determining the multiple nature of an
event is to detect the multiple nature of the direct P
arrivals which occur from the multiple sources. Associated
with a multiple source, there is, thus, a P-P delay time,
the time difference between the arrival of the direct P
wave from one event and the arrival of the direct P from
a second event. The major problems of this approach are
caused by the existence of contaminating secondary arrivals.
For natural earthquakes and single nuclear sources there
exists a surface reflected P wave, pP, of similar shape but
different polarity. In addition to pP for a single nuclear
source, there is another possible secondary arrival caused
by the slapdown of surface materials (King and others,
1974; Springer, 1974). Thus, each single nuclear explosive
source may consist of three P phases, a direct P, pP, and
a slapdown arrival Pg, and these have the associated delay
time, pP-P and P -P. All of these arrivals will occur
within the normal P wave coda.

A multiple source composed of two events consists of
two sets of the three P phases and has the associated delay
times, pPl-Pl, Psl—Pl, Pz—Pl, pPz—Pl, and Psz_Pl‘ The
magnitude of the delay time and the order of the arrival
of the phases at a particular station is dependent upon

the location of the events and the shot times.
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The possibility of the existence of a number of
scéondary arrivals makes it difficult to relate a secondary
arrival from a single record to any source characteristics.
The different secondary arrivals must be differentiated
from each other. A possible method of differentiating
the secondary arrivals exists in their differing delay to
distance and delay to azimuth relationships. Thus, the
use of the arrivals from a number of stations leocated at
different distances and azimuths provide a possible rela=-
tionship to the source chaéacteristics.

In the following sections the relation of delay to
azimuth and distance will be considered for eacn of the
various poteniiai secdhddry arrivals. In general, to keep
the inveclved pafaﬁeters reasonable, multiple.events will
be considered as vertically or horizontally separated and

simultaneously detonated. The generalization to inclined

separation or delayed firing will normally present little

difficulty.

The delay distance curxves for two events separated
horizontally and two events separated vertically may be
quanﬁitatively determined using the simplified diagrams of
Figures 1 and 2. Choosing a 1 km distgnce between events
and a depth of burial of .5 km, the calculated distance

delay curves for three velocities are shown in Figures 3
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O - Midpoint of epicenter line
C - Station on surface of the earth
A, B - Explosion points
x - Distance to station
d - Depth of burial
2s - Distance between events

Py, P, - Path of P wave of velocity, V

1/2 2)1/2

Py = (dz + (x + 5)2) p, = (d2 + (x - s)

Py = P
v

Delay time

@+ (x+ )92 1 (@4 x - 9?2

Figurc 1. Schematic diagram of P wave paths for two
horizontally separated events. Calculations
are for the delay time of the direct P
arrivals.
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O - Epicenter

C - Station on surface of the earth
A, B - Explosion points

X - Distance to station

4 - Depth of burial

s - Distance between events

Py Py - Path of P wave of velocity, V

1/2
pl = (x2 + (4 + 5)2)1/2 p2 - (x2 + dz) /
Delay time = 21 ~ P2

v
v @+ )2 o P s ahl?
v

Figure 2. Schematic diagram of P wave paths for two
vertically separated events. Calculations are
for the delay time of the direct P arrivals.
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and 4. Tor two events separated horizontally the delay
approaches constant values of .40, .25, and .17 seconds
within 5 km of the source for velocities of 2.50, 4.00,
and 6.00 km/sec, respectively. Tor two cvents vertically
scparated by 1 Xin, the delay approaches zerc within 50 km
orf the source. The maximum delay in this case occurs at
the epicenter'of the events and for this model has values
of .40, .25, and .17 seconds for velocities of 2.50, 4.00,
and 6.00 km, respectively.

In order to generalize the delay distance plots,
dimensionless plots were prepared. The abscissa of the
plot is the ratio of the station distance to the distance
between sources, and the ordinate is the percent of
maximum delay. Dimensionless plots for horizontally and
vertically separated multiple sources are given in Figure
5. It is evident that the delay approaches a constant
value within 5 source separatiéns of the epicenter for
horizontally separated events. For vertically separated
events the delay approaches a constant value within 50
source separations of the epicenter.

For two events vertically and horizontally separated
by a similar amount the distance-delay plot has the form
of the plot for horizontally separated events. Only the
beginning section of the plot indicates that the events

have a vertical separation. A plot for events having a

i s
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Figure 3. Three delay-distance plots for horizontally
separated events. Distance between events
is 1 km. Depth of burial is .5 km. Velocities .
(V) are 2.50, 4.00, and 6.00 km/sec.
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Figure 4. Three delay-distance plots for vertically
separated events. Distance between events is
1 km. Depth of burial is .5 km. Velocities
(V) are 2.50, 4.00, and 6.00 km/sec.
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€L events of 1;

5, and 10 kn and a velocity of 2.50 km/sec. fThe diagram

and plots are shown in Figures 7 ang 8. The delay times
Station, the depth of burial, ang the distahce betwecn
events and virtually independent of the distance to the
recording Station. For the calculated model, the trend
of the 1line Connecting the epicenter of the events ig

east-west. The origin of the Plot is the midpoint of the

line Connecting the epicenters. The maximum delay occurs

at azimuths of 90° ang 270°

dependent upon the distance between'sources and not upon

the azimuth, The expected delay azimuth Plot for any
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Figure 6. Delay-distance plot for an event separated
vertically and horizontally. Vertical
separation is 1 km and horizontal separation
is 1 km. Velocity is 2.50 km/sec.
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0 - Midpoint of epicenter line
A, B - Explosion points
C - Station on surface of earth
r - Distance to station
g d - Depth of burial
2s - Distance between events
8 - Azimuth

V - velocity
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Figure 7. Diagram of distance, depth, and azimuth
relationships for two horizontally separated

events. Calculations are for the delay time
of the direct P arrivals.
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direct P arrivals.
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d Depth of burial
s Distance between events
0 - Azimuth
v velocity
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reasonable vertical scparation of sources is a point at

the origin.

The pP phase of a shallow event is difficult or
impossible to identify on a seismogram. Thé 1968 Seismo-
logical Tableé for'P phases lists a pP-P interval of 3.4
seconds for an event at distances of 2° to 13° and a depth
of 15 kilometers. An increasing pP-P interval with
increasing epicehtral distance is indicated by the table
listings. The station distances in this study range from
1° to 4° and the shot depths from .15 to .56 kilometer.
The pP-P delay times for thirty-seven U.S. underground
tests have been estimated by Springer (1974) from suriace-
zero accelerograms and rénge from .17 to 1.00 seconds.
Table 1 is a listing of Springer's estimates. The tnree
lowest estimates of .17, .21, and .24 seconds were for
shots detonated in cranite. The shot mediums in this
study are alluvium and tuff, and the lowest estimates by
Springer for shots in alluvium and tuff are .34 and .33

ceconds, respectively.

-

Based upon the above information, the pP-P delay
times for the shots in this study are expected to be with-
in the .20 to 1.5 second range. The pP-P delay may be
constant over the 1° to 4° epicentral distance range or

an increasingy pP-P delay with increasing distance is
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possible. When the pP-P delay is constant over the epi=-
ccntral distance range, the expected delay-distance plot
for pP-P is a horizontal line, and the delay-azimuth plot
is a circle with center at the origin. TFor the case of
pP-P increasing with distance from the station, the delay-
distance plot is a curve showing the increasing delay with
distance,'and the delai-azimuth plot is a circle with

center at the origin for those stations of similar epi-

central distance.

Pg-P

Surface material above an underground nuclear explo-
sion is thrown upward by spallation, which is the parting
of near-surface layers originally.in contact (Eisler and

Chilton, 1964). The parting is described by Springer

(1974) as occurring when

interference between the reflected tension wave
and the incident compressive stress wave may
produce a net tensile stress equal to the sum
of lithostatic pressure (overburden) and tensile
strength of the rock. Separation of the rock
layers above this point occurs because some of
the stress wave energy is imparted to the
separated layers in the form of kinetic energy.
That is, a layer of the earth separates and
continues ballistically upward. The material
eventually falls under the force of gravity and
lands with a considerable shock.

L 4

The forcible landing of the spalled layers causes the
slapdowi: phase. The cccurrence of spallation depends upon
the yield of the explosion and the depth of burial.

Spallation would not occur for a very luw yield aexplosion

\
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or for an explosion buried at grcat depth. Also, no
spallation would occur if an €xplosion was not contained.

The slapdown phase follows the P phase by the same
interval at all stations. The Pg-P delay distance plot
is a horizontal line, and the delay azimuth plot is a
circle with center at the origin.

P;-P delays of .87, 1.35, and 1.85 seconds were
determined for the‘LONGSHOT, MILROW, and CANNIKIN nuclear
explosions by King and others (19745 using a spectral
ratio method. Springer (1974) estimated Pg-P delays from
surface-zero accelerograms for twenty-spveﬂ.U.S. undex-
ground explosions. His slapdown estimates range from .75
[ to 3.07 seconds and are listed in Table l.

The differentiation of the secondary arrivals by .
their delay to distance and delay to azimuth relationships
provide a possible method of dctermining the source
characteristics of ah event. The delay to distance ana
azimuth relationships for ?, pP, and ?5 are summarized in
Figure 10. It is evident from the figure that when taken
- -~ together the relationship of delay to distance and azimuth
define the source type involved. Thus, it may be possible
] to use plots of this nature to differentiate the various

source types if the interference of the P-coda is signifi-

cantly low.
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TADLE 1

Estimatcd Delay Times Determinced from
Surface-Zcro Accclerograms

! (Modificd from Springer, 1974, Table 1, p. 586;

Springer and Kinnaman, 1971, Table 1, p. 1074)

Depth of
Burial pR=2 ERR
Shot Nome Date (xm) (sec) (secc
RAINIER 9/19/57 .25 5 D 0.73
ERONE 12/10/61 .36 0.36 182
HARD HAT 2/15/62 «29 0.17 -%
SHOAL 1.0/26/63 .37 0.21 0.90
SALMON 10/22/64 .83 0.58 -
IIANDCAR 11/05/64 .40 0.37 0.92
LONG SHOT 10/29/65 .70 0.45 1.76
DURYEA 4/14/66 .54 0.59 da B
PILE DRIVER 6/02/66 .46 0.24 1.2
VULCAN 6/25/66 .32 0.41 - %
HALPSEAK 6/30/66 .82 0.72 2.93
NI POINT 12/13/66 .24 0.35 -
GREZLEY 12/20/66 1.22 0.97 -k
AGILE 2/23/67 <73 0.83 -
COMCDORE 5/20/67 .75 0.84 -%
3c07CH 5/23/67 .98 0.91 1.73
LLNDPHIR 10/18/67 .71 0.86 -
GALESZUGGY 12/10/67 1.29 0.87 1.17
HUPNOBILE 1/18/68 .25 0.34 0.99
PRULTLESS 1/19/68 .98 0.80 2.17
XNOX 2/21/68 .65 0.67 247
SCXCAR 4/26/68 1.16 0.96 3.07
NOGGIN 9/06/68 .58 0.75 2.92
3.72
HUTCH 7/16/69 =35 0.59 1.92
i JORUM 9/16/69 1.16 0.98 2.78
) MILRCW 10/02/69 1.22 0.74 2.49
-t CALABASH 10/29/69 .63 0.70 -
g HAXDLEY 3/26/70 1.21 0.95 2.84
p CARPEZTEAG 12/17/70 .66 0.67 2.31
5 HARZELL 6/24/71 .52 0.63 1.03
k: CATHAY 10/08/71 .38 0.54 1.02
% CENNIKIN 11/06/71 1.79 1.00 -
i CHAENACTIS 12/14/71 .33 0.41 0.80
4 MONERO 5/19/72 .54 0.69 1.08
. 1.25
DIAMOND SKULLS 7/20/72 42 0.47 1.59
OSCURO 9/21/72 .56 0.69 2.12
DELPHINIUM 9/26/72 .30 0.40 0.90
* Data unavailable or nonexistent.
1
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@ Delay-Azimuth Delay-Distance
Delay, T
A Onc¢ event
T = pP-P T
or
e T»———"—'/.

One event

T = PS-P T p————

1N
Aol

Two events

separated T
horizontally

T = P-P

j Two events
' separated T
vertically
T = P-P
5
g i
;
g Figure 10. Summary of delay-distance and delay-azimuth l

relationships for P, pP, and Pg.
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Mcthod for the Detection of Multiple Arrivals

Cepstrum analysis was introduced by Bogert, Healy,
and'Tukcy (1963) as a method for detecting the ezistecnce
and timing of cchoes. The authors defined the cepstrum
as the spectrum of the spectrum of a time series. The
method involves the appiication of two Fourier transforms
Lo tha data saot,.

The authors demonstrated the potential of applying
time series techniques of spectral analysis to a series in
the Ifrequency domain. Using an artificial time series with
an echo, the echo was detected by obtaining the Fourier
amplitude spectrum of the series, determining the logarithm
of the ;pect;um, and obtaining the Fourier amplitude
spectrum of the logarithm of the spectrum. The logarithm
of the.spectrum is a frequency series and the Fourier
transform of the frequency series yields a series in the
time domain. This is essentially the spectrum of a spec-'”
trum and was texrmed the cepst&um. A peak in the cepétrum
indicates the existence of an echo at the corresponding
time in the original series.

For purposes of completeness and understanding, the
original work of Bogert, Healy, and Tukey (1963) is out-
lined here. Consider a time series, £(t), with echo to
consist of s(t) and s(t) multiplied by a constant value

a and delayed by time t. The series with echo is given

by
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£(t) = s(t) + as(t - T). {1)
The Fourier transform, F, of f(t) is

Flw) = S(w) (1 + aed¥T) (2)
with the amplitude spectrum being
1/2. | (3)

IF(w)| = |S(w)] (1 + 2acosuwt + a%)

Taking the logarithm of the spectrum converts the multi-

plicative effect of the echo into an additive effect and
yields
log|F(w) | = log|s(w)| + 1/2 log(l + 2acoswt + a)y. (4)
Applying the log expansion,

w2

3
log(l + X) = X - %— + 55 .ees Where =1<X<1 (5)

and assuming a<l the expression may be reduced to
log|F(w) | = dog|s(w)| + acoswt. (6)

The log spectrum is a frequency series. The Fourier trans=-
form of the log spectrum, which converts the frequency

series into the time domain, is given by
c(t) = Flogl|s(w)| + ad(t = T). (7

The amplitude spectrum of c(t),
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‘Letting x = 1 + 2acoswT + a

=P -

|c(t)| = |Flog|s(w) || + alé(t - 1) (8)

is the cepstrum. The Fourier transform of the function
coswT is the delta function, 6(t - T), which has an
amplitude of zero at all t except t = T, where its ampli-
tude tends to infinity. Thus, a peak occurs in the

cepstrum at time ¢ = T, as a result of the echo in the

. original series which was delayed by time 7.

The condition requiring a to be less than 1l was
satisfied when applying cepstrum analysis to the detection
of echoes, since the amplitude of an echo is normally less
than the‘amplitude of the first arrival. The a<l condi-
tion is also valid for the detection of reflected phases
from an earthguake or single nuclear event for the same
reason. An a value greater than 1 is possible when apply-
ing cepstrum ‘analysis to the detection of a multiple nuclear
event. The second direct P arrival from a multiple event--
may have an amplitude on the order of, ox greater than,
the amp%}tude of the first direct P.

A logarithm expansion which allows a to be greater

than 1 is

(x = b)2 + (x - b)3 se e

logX = logb +
g. 2 2b2 3b3

(x - b)
b

. (9)

where 0<X<2b.

2 2

and b = 1 + a“° and applying

this expansion'when taking the logarithm of the spectra
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and disregarding second order terms, the expression for
the log spectrum becomes
| log|F(w)| = log|s(w)| + 1/2 log(l + a?) (10)

a
' : + — coswT..
1l + a

The Fourier transform of the log spectrum is
ct) = F(log|S(w)| + 1/2 log(l + a2)) (11)
3]
¢ =—— 3~
1 + a (. )
| and the amplitude spectrum,'which is the cepstrum is

wclit)| = |F(log|s(w)| + 1/2 log(l + az))l (12)

a .
—!§ - .
+l+a2l e T)l

Except for constant terms and scaling factors this is
equivalent to the original expression and would produce an
amplitude peak at time . Cepstrum analysis can therefore
be expected to detect a secondary arrival stronger than

& = the first arrival. i _
While cepstrum analysis has received some application I |

in the simple detection of secondary arrivals, it does not !

appear thdt anyone has attémpted the recovery of the a

scaling factor (Flinn and others, 1973; Cohen, 1970). ' i

SRS

Knowledge of a would be useful in differentiating the

o

IR
AT

secondary arrivals. King and others (1974) estimated the

b

- .

ot
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amplitude of the pP and Pg phases of the LONGSIOT, MILRCA,
and CANNIKIN cxplosions to be .3-.5 times the corrcsponding
direct P amplitudes. If the a facfor could be recovercd
for the secondary arrivals, any values of a2l would

clearly suggest the arrival of a second direct P from a

rmultiple source.

From the expression for the cepstrunm, equétion (12) ;
the value of the peak in the cepstrum at time t = 1T is
p = |c(t)] - |F(log|S(u)| + 1/2 log(l + a%)) |
(13)
a
& ———|8(t - T)]|.
1l + a2l l
In digital applications the amplitude of §(t - T) has a

E. , finite value which méf be denoted |§(t - T)|c. Letting

Q= = = 2 | (14)
|6(t = 1) |e 1+ a2

then

i 2 '

, Qa“ - a + Q= 0, (15)
» ? ,!h
o B W and solving for a yields
| ;
§ 1+ /1 - 4Q2 |
4 a= s (16)
3 20 |

Designating the roots of the equation as aj and ap, it can
be shown that a3 = é%. The reciprocal property of the f

roots limits the usefulness of the recovered a values.

SR Wil

i e SIS




A valuce of a in the range .8<a<l.25 may aid in diffcrentia-

tion of a second dircct P from other secondary arrivals.
Valucs of a outside of this range will be useful only if
other information about the secondary arrivals is avail-
able.

The theoretical basis for cepstrum analysis and the
recovery of a discussed above involve only a single
secondary arrival. To extend ‘the theoretical base to

include three secondary arrivals consider a signal
Z(t) = s(t) + a,s(t = T1) + azs(t - To) + azs(t - t3) (17)
where Tl<T2<T3.

The Fourier transform is’

Flu) = S(0) (1 + age¥TL 4 a,e772 4 46373 (18)
and the amplitude spectrum is . .-
JE@ ] = S| (1 + ag? + ay? + ag? + 2a; cOSWT,

+ 22,C0SWTy + 2a3COSwWT3y + 2ajazcosw(Tty] = Ty) (19)

+ 2a1a3cosw(Tl - 13) + 2a2a3cosw(12 - 13))1/2.

The expression for the log spectrum is
= 2 2 i 2
log|F(w) | = log|S(w)| + 1/2 log(l + a1” + a,° + ajg (20)

+ Zalcoswtl + 2a2cosm12 + 2a3coswt3 +’2ala2cosw(rl - 12)

+ {137a3C0sw(T] = T3) + 2aja3cosw(Ty = T3)).
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Applying the log cxpansion,
\

log| F(w)| = Log|s(w)| + 1/2 log(l + ay? + ap? + a3?)

1
1l + alz + a22 + ag

+ 2(alcoswrl + ajcoswty + a4C0SWTy

+ alazcosm(rl - Tg) + a1a3cosm(11 - 13) (21)

+ agazcosuw(ty = Ty)),

yielding as the cepstrum

lc(t)| = |F(log[S(w)| + 1/2 log(l + a3? + a2 + az?)|

1
1+ alz + a22 + aj

+ z(allG(t - Tl)l + azld(t = Tz)l

' (22)
+ az|é(t = 13)| + ajay|6(t = (11 = T5)) |

+ ajaz|éit = (1] = T4)) | + aja3)é(t = (15 - t3))].

It is evidegt that the cepstrum will become more
complex with the addition of more secondary arrivals. The
peaks occurring at. Ty = Ty, T3 = T3, and T3 = T2 may make
interpretation of the cepstrum more difficult. This will

e be true especially in the case of a multiple event where

one of the factors ay, agz, Ox aj could have a value greater
than 1. It is also evident that with the addition of a

nunber of secondary arrivals it is not possible to deter-

v oy

mine the actual value of a for a particular secondary

arrival from a single record.
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Data Sources

Seismograms of selected Nevada Test Site events were
obtained from Lawrence Livermore Laboratories and Sandia
Laboratories. Seismograms of the Massachusetts Mountain
earthquake, which occurred within the Nevada Test Site,
were obtained from Lawrence Livermore Laboratories
(Rohrer and Springer, 1972; Fi:zier and others, 1972).
Records of other earthquakes occurring within or near the
Nevrada Test Site and thus having propagation paths similar
te the nuclear events, were requested but were not avail-
able.

The location of the Nevada Test Site, the Lawrence
Livermore stations, and the Sandia stations are shown in
Figure 11. ELK, KNB, LAC, and MNV are Lawrence Livermore
stations, and BMN, DAC, ELY, LEE, N&L, and TPH are Sandia
stations. Table 2 is a listing of the stations and their
locations. The station coverage with respect to Nevada
Test Site is illustrated in Figure 12.

The nuclear explosion records obtained for analysis
include a multiple event, BLENTON/THISTLE, a single event,
DIDO QUEEN, and five ¢vents A through E of unknown nature.
Information relating to BLENTON/THISTLE and DIDO QUEEN is
given in Table 3. Table 4 is a listing of the depth of
burial and shot medium for the events of unknown nature.
Typical records of the events analyzed are displayed in

Appendix A.

St g el
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Figure 1ll. Location of Nevada Test Site and Lawrence
Livermore (ELK, KNB, MNV, and LAC) and Sandia
(BMN, DAC, ELY, LEE, NEL, and TPH) stations.

LR P e i A W ity it DAl i r——



'
300

-29-~

ELY

KNB

| '
200 100
DISTANCE (KM)

NEL

LAC

Figure 12. Station coverage of Nevada Test Site.
Distance and azimuth stations with respect

to the Nevada Test Site.
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TADLE 2

Seismic Stations

! Code ’ Station Latitude Longitude

BMN Battle Mountain, Nev. 40°25'53.3"N 117913'18.4"W

DAC ° Darwin, California 36°16'37.2"N  117°35'37.2"W
ELK  Elko, Nevada . 40°44'41.4"N  115°14'19.6"W
ELY  Ely, Nevada 39°07'52.8"N  114°53'31.2"W
KNB  Kanab, Utah 37°00'59.8"N  112°49'20.7"W
LAC  Landers, California. 34°23'23.2"N  116°24'41.4"W
LEE _ Leeds, Utah | 37°14'34.8"N  113°22'36.0"W
MNV  Mina, Nevada 38°25'56.0"N  118°09'15.8"W
NEL  Nelson, Nevada | 35°42'44.,0"N  114°50'37.0"W
TPH  Tonopah, Nevada " 738°04'29.0"N  117°13'21.0"W
- % ’ )
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TABLE 3
N BLENTON/THISTLE and DIDO QULEN Data

. BLENTON THISTLE DIDO QUEEN
Date 8 4/30/69 4/30/69 6/5/73
Shot Time 1700:00.04 1700:00.04 1700:00.00
Location 37°04'53.4"N . 37°05'25.0"N 37°11'06.1"N

) 116°00'50.2"H  116°00'20.3"W  116°12'54.%"W

Deoth of © «56 km .56 km «39 km
Burial ‘ : .
Shot:.Medi_um ' Tﬁff. | - Tuff Tuff

s E }
;,
¢ |
g |
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TABLE 4

Depth and Shot Medium for Events A-E

Event Depth Shot Mediqg
" A 24 km Alluvium

.56 km Tuff

«31 km Tuff

" uff

4 U O W
>
o~
g

«39 km , Alluvium

i
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Geclogic Setting

Nevada, southeastern California, and western Utah lie
within the Basin and Range province described by Thornbury
(1965). This province is characterized by north~south
trending wiountain ranges and intermontane basins formed as
a result of block faulting. The Basin and Range province
is bounded on the west by the Sierra Nevada and on the
east by the Colorado Plateau. The physiographic provinces
of the Nevada, California, and Utah area are outlined in
Figure 13.

The Nevada Test Site is located in a structurally
complex, highly faulted segment of the Basin and Range
province. The geologic and physiographic features of the
Nevada Test Site and surrounding area are shown in Figure
14. The test site is approximately fifty miles east of
the Cordilleran eugeosyncline eastern boundary and about
one hundred miles west of the miogeosyncline eastern
boundary. The area is also north and east of the Las
Vegas Valley—-Walker Lane shear zone.

The events analyzed in this study were detonated in
the Yucca Flats area of the Nevada Test Site, and the epi-
center of the Massachusetts Mountailn earthquake was located
in the southern part of this area. A generalized geologic
map of the Yucca Flats area with the location of the
earthquake epicenter and the area in which the nuclear

events were detonated are given in Figure 15. Upper
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Figure 15. Generalized geologic map of Yucca Flats

area with epicenter of Massachusetts Mt.
earthquake and area in which nuclear events
were detonated (modifizd from Hinrichs,

1968, p. 242).
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Precambrian and Paleozoic sedimentary rocks, Mesozoic

intrusives, Tertiaxy volcanics, and Quaternary alluvium
Quartzite is the major lithology

are exposed in the area.
of the Upper Precambrian and lower part of the Cambrian.
The remaining portion of .the Paleozoic is composed of

carbonates, conglonmerates, quartzites, and shales.

Granitic intrusives are the only Mesozoic rocks in the
Tertiary rocks consist mainly of rhyolitic tuffs.

area.

The total thickness of the Yucca Flats stratigraphic sec-
tion is 44,500 feet and is divided as follows: Pre-

cambrian and Paleozoic rocks 38,800 feet; Tertiary rocks
3,700 feet; and Quaternary sediments 2,000 feet (Hinrichs,

{
1968) «
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}' DIGITAL ANALYSIS

The seismograms were preparcd for computer processing
; by digitizing the records using a Computer Equipment
Corporation Digitizer. A FORTRAN program written by
"Payvlor (19743 was used to obtain the cepstra and a
listing is provided in Appendix B. The program digitally
performs the following operations on the input data:

1. Interpolation of data at equal increments.

2. Normalized autocorrelation.

3. Calculation of Fourier transform.
4. Calculation of amplitude spectra.
5. Determination of log spectra.

6. Normalized autocorrelation.

7. Calculation of Fourier *transform.

8. Calculation of amplitude spectra, which is the
cepstrun.

An example of ‘th2 results of the different operations
‘§ performed to obtain a cepstrum is shown in Figures 16 T
% through 19. The normalized autocorrelation, the amplitude
i spectrum, the log spectrum, the normalized autocorrelation

o of the log spectrum, and the cepstrum are given for the

ke
. !
gl

BLENTON/THISTLE event recorded at the KNB station.
The input data were interpolated at an increment of
.05 second. This increment, or At, was adequate *o satisfy :

the Sampling Theorem

At < mg- (Huang, 1966) (23) |
o |

- b i o o 19 oA o s s et
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where £ is the maximum frequency present in the signal.
The Nyquist or folding frequency is then

i . 1
N % 7ar

= 10 Hz (24)

or

wy = 2vfy = 62.8 radians/sec. (25)

The values of a Fourier transform computed digitally
differ from the true transform values by a factor of At.
With the application of two transforms to the data, the
computer cepstrum values differ from the true cepstrum
¥ values by a factor of Aw, the frequency increment. The
values of the Fourier transform and the transform of the
'transfqrm-were digitally computed using 2048 points. The

value of the frequency increment is

Aw = 75%%KE = .0614 radians/sec. (26)

Denoting the true cepstrum value as C and the computer '

value as Cc,

C = AwCc. (27)
3 The normalized autocorrelation which was performed on the
o
I data introduces a normalization factor into the computation

for the true cepstrum value, and it is also necessary to
take the square root of the computer value because of the

property that the Fourier transform of an autocorrelation j

s AL L e T L S D e e T as v e e e
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cquals the square of the amplitude. A final factor to
be accounted for is that in the determination of the log

. spactra, the logarithm to the base 10 was used, but the
logarithm expansion of equation (9) holds for the logarithm
to the base e. Thus, the computer values must be multi-
plied by a factor of 2.3. The expression for the true

cepstrum values then becomes
C = 2.30w/NF /Cc (28)

where NF is the normalized factor.
o The value of a peak in the cepstrum is the difference
between two of the true cepstrum values. Equation (14)

then becomes

P 2.3aw/ANF (/Cc2 - /Cc1) 4

Q=Ts(t -1 ]c = [6(t - 1)]c =71 +a2 (29
] The amplitude of the delta function is 31.4 and can be

obtained by evaluating the integral

62.8 Wk 62.8 .
/ (cosm't)eJm dw = J coswTcoswtdw. (30)
0 0

The imaginary part of the above integral is insignificant

¢

in comparison to the real part. The eqﬁation for Q then

.;‘ 3 4
R &

becomes

o AT TR T
T

Q@ = 0045/ (VCop = /CG1) = 3 (31) |
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The factors necessary in the calculations for the a
sdhling factor were noct completely understood until the

majority of the data had been processed. It was not

possible to reprocess data to obtain the normalization
factors. The a factors were only computed for the arti-

ficial double events created using the DIDO QUEEN records.
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Results and Discussion

It has been observationally established that signifi-

cant energy will follow the arrival of any P wave, and

: this following energy has been termed the P wave coda.
Secondary arrivals will ap;ear within the coda and suffer
from the coda's contaminating influence. 1In addition,
the digital spectra of the initial P arrival will exhibit
effects due to contamination of the coda. Therefore, in
the absence of any well defined secondary arrivals, varia-
tions in the cepstra are to be expected. The ambiguity
in interpretation resulting from these peaks will depend

| upon the degree to which the secondary arrival peaks exceed
the extraneous peaks. Greenfield (1969) measured coda
power levels on the order of 0.1-1.0 of the primary P
levels. The figure provided by Greenfield actually indi-
cates power level ratios on the order of 0.01-0.1, but it

i appears that an error exists in the labeling'of the figure.

Ratios on the order of 0.1-1.0 would be exactly the same

: order as that expected for actual secondary arrivals.

Thus, the identification of peaks relating to secnndary

) @* arrivals may be difficult, and may prove to be somewhat
; subjective.
oy In addition to the problem of extraneous peaks it is

necessary to consider the problem of what time domain

window length to select for the processing of the data.

A window length too short would eliminate desired second
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arrivals, and a window length too long would pass addi-
tional contaminating enerqgy with no increase in desired
signal. It does not appear that any thcoretical basis

for sclection of an optimum window length exists. Lacking
a theoretical basis; the effects of window length are |

investigated in the following section.

Effects of Time Domain Window Length
The combination event BLENTON/THISTLE provides an
ideal example.for the study of window lenggh effects.
As previously noted, the event is known to be a simple
horizontal dipole and the records of the event should
contain a second arrival from the more distant event.
Analysis of this event will also provide an indication

of the magnitude associated with cepstral peaks.

Cepstra were generated for 8, 10, 15, and 20 second '

windows for the recordings at DAC and KNB. The results
are shown in Figures 20 and 21. The peaks of the DAC
cepstra are consistent for the different window lengths.

The peaks of the KNB cepstra are consistent in the Beginning

‘two seconds, with some of the peaks in the 15 and 20

second windcws becoming less pronounced. It also appears

that as the window length of the KNB cepstra is increased

more peaks occur beyond 2 seconds.

.On the basis of these results a window length of .10

sec was selected as the optimum window. A careful study
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Figure 20. Effect of window length on cepstra of
BLENTON/THISTLE event. Window lengths of
1 8, 10, and 15 seconds for signal recorded
A at KNB and DAC.
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Figure 21. Effect of window length on cepstra of
BLENTON/THISTLE event. Window lengths
i of 15 and 20 seconds for signal recorded
t at KNB and DAC.
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of figure 20 would suggest that an 8 sccond window is more
néarly optimum. It is not expected that such minor
changes in window length can greatly affect the final
results. The data in this study was, therefore, processed
using a window length of 10 seconds. The information
contained in the first 10 seconds of a signal was con-
“sidered sufficient since the secondary arrivals of interest
are expected to occur in the first 3 seconds of the
. record. |
In addition to the effects of window length, Figures
20 arnd 21 indicate the problems that were previously
anticipated in the identification of cepstral peaks.
While the relative yields of the two events is not known,
the expected arrival time of the second can be calculated
and is indicated by the vertical arrows. It is evident
that in all cases a peak does exist but in no case is it

a pronounced peak.

Results from a Single Event (DIDO QUEEN)
and an Artificially Created Double Event

Cepstrum analysis was applied to two records of the

single event DIDO QUEEN. There were not enough records

7

s
e e i e bttt 1. bt o = e,

of processing quality available to analyze delay-distance
and delay=-azimuth relationships. The cepstra of DIDO

QUEEN calculated from recordings at DAC and LEE are shown

T

¥

in Figure 22. Peaks occur in the DAC cepstrum at .70,

PR
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w .95, and 1.10 scconds and in the LEE ccpstrum at .75 and
‘ 1.15 scconds. The peaks cccurring at .70 and .75 scconds
could be associated with the arrival of pP, but more
records are needed to make a firm determination.
| The DIDO QUEEN records were used to artificially

create the record of a double event. An a value and a
delay time value were chosen, the digitized signal was
multiplied by a, delayed by the time value, and then
added to the original digitized inpuf to artificially
create the signal for a double event. Cepstra of the
artificially created double event were determined for
various a and delay values. The LEE cepstra are shown in
Figure 23 and the DAC cepstra in Figure 24. The peaks for
the artificially created second direct P occur at the
chosen delay time of .05 seconds later.

The a values for the artificial second direct P
were computed using equation (31) and compared with the
a value ﬁsed\in creating the artificial signal. Table 5
is a listing of the actual a values and'the computed a
values. |

It is evident from Table 5 that the formula developed
for the calculation of a is valid, although the percent
error varies from 37% high to 32% low. A major contribu-
tion to the error percentage probably results £rom the
various data smoothing operations included in the cepstral

program. It does not appear that the effects -of these
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Figure 23. Cepstra for artificially created double

; event using DIDO QUEEN record at DAC.
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Figure 24. Cepstra for artificially created double
event using DIDO QUEEN record at DAC.
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TABLE 5

\Comparison of Actual a Values and Computed a Values
for Artificially Created Double Events

Delay . >
Time Actual Computed Reciprocal
tation (sec) a a Root 3% Error

DAC .50  3.00 3.61 277 20
DAC .50 - 4333 .263 3.80 21

DAC 1.00 1.00 + 1.22 ; «817 22

DAC 1.00 .333 . .226 4.42 32
LEE .50  3.00 4.12 242 22
LEE .50 .333 ,296 3.38 9

LEE .90 .333 363 2,75 12
LEE.  1.00  1.00 701 1.42 30
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operations may be accounted for on the basis of any
rcasonable theoretical treatment. To eliminate the
smoothing operations results in an increased noise level
more dcetrimental to calculations of a than the effects of
smoothing. The average a calculated on the basis of
several stations should yield a reasonable estimate of a.
The a value obtained on the basis of a single station can
be considered only an estimate of order. As previously
noted, it is also evident from Table 5 that without
additional information as to the nature of a secondary
arrival it cannot be determined which root is the actual
value of a. The recovered a values may therefore be of
limited value. |

The peaks occurring in the cepstra of.the artificially
created series are an indication of the sensitivity of a
cepstral peak to an a value. The peaks having a values
as low as 0.333 were clearly visible on the cepstra.
Thus, it appears that secdndary arrivals having a values
of at least .333 have the potential of being detected by

the cepstrum method.

et Y
oy

.Results from a Known Dcuble Event (BLENTON/THISTLE) P
The BLENTON/THISTLE event, which was previously used
in a limited manner to study the effects of window length,

provides an excellent stgrfing point for any attempted ]
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analysis of multiple arrivals. The cxplosions consisted
of two shots which were detonated simultaneously and
scparated by 1.22 km. The trend of the line connecting
the epicenters was N37°E. Additional known iaformation
concerning the shots is listed in Table 3. On the basis
of the known information it would be expected that at
least three significant secondary arrivals would exist with
delays of P,-Py, pP,-P;, and pP;-P;, and there is the
potential for other later arrivals resulting from slapdown
effects. The P,-P; delay should exhibit the previcowsly
discussed azimuthal and distance dependences. The pP,-Pq
and pP,-P, delays should individually exhibit no azimuth
dependence, but may yield sectors of ambiguous identifica-
tion because of the 1.22 km ofiset.

Cepstrum analysis was applied to nine BLENTON/THISTLE
records: The cepstre are shown in Figures 25, 26, and 27.
The delay of the peak of greatest amplitude of each cepstfa
and the delay of other peaks of lower amplitude were
plotted versus the distance to the recording station. ]
When two or more peaks have the same amplitude and are

the peaké of greatest amplitude occurring on the cepstrum,

these peaks are all plotted as peaks of greatest amplitude.

The delay-distance plot for' BLENTON/THISTLE is shown in
Figure 28. There are peaks occurring in the .40-.50 sec
range on the cepstra of six stations, and five of these

peaks are the peaks of greatest amplitude for that cepstrum.
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i
Fiqure 26. BLENTON/THISTLE cp:stra for MNV, NEL,
ELY, and LAC.
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Also, six stations have cepstral pcaks in .75-1.05 scc
range, and 4 stations have a later arrival in the 1.55-
1.70 scc range. No pcaks arc visible on the MNV cepstrum.
ard the first peaks on the NEL and KD cepstra do not
occur until .75 and .65 seconds, respectively.

Figure 29 is tﬁe delay-azimuth plot of the BLENTON/
THISTLE seconaary arrivals. -The trend of the line connec-
ting the midpoint of the epicenters and the theoretical
curve of P,-P; for a source separation of 1.22 km is also
shown on the plot. MNV lies on an azimuth perpendicular
to the trend of the line connecting the midpoint of the
epicenters; TPH and NEL lie within 15° of the perpendicu-
lars .The absence of arrivals at MNV and at NEL within
.75 sec is consistent with the'expected delay-azinuth
relationship for two horizontally separated events.

Using the .40-.50 sec arrivals and considering the absence
of arrivals at MNV and NEL, the delay-azimuth relationship
for two horizontally separated events is visible on the
plot. The delay-azimuth relationships, together with the
delay-distance relationship, indicate that the arrival at
e .40~.50 sec is the second direct P arrival from the
multiple source.

From an analysis of the arrivals in the .75-1.05 sec
range, an increasing delay with distance relationship is
irdicated. This arrival then may be the pP phase from
one of the events. The later arrival at 1.55-1.70 sec

g
£
§§§
g could possible be a Pg phase, but a firm determination
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BMN

ELY

Trend of the line
connectinyg the
epicenters

____._.—-—-'___—_-_D'I:EE
‘___—-——'-'-D
A 'Y +— 0O KNB
1.0 1.5
TIME (SEC)
- o
LAC NEL

A Predominant peaks

O Less predominant peaks

Possible delay-azimuth relationship

----- Theoretically computed relationship

Figure 29. Delay-azimuth plot for BLENTON/THISTLE.
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could be accounted for by cither of these fault systems.
Four rccords of the Massachusctts Mountain earthquake were
available for analysis. The ccpstra are shown in Figure
30. The KNB and LAC cepstra show peaks with amplitudes

of 3 or less, while the MNV and ELK cepstra have pcaks
with amplitudes ranging up to 8. The delay-distance

plot in Figure 31 and the delay-azimuth plot in Figure 32
have a scatter of points, and it is not possible to dis-
tinguish a pattern for a secondary arrival on the basis
o’ mnly four stations.

Despite the limited data available, it may be noted
that the cepstra peaks appear primarily in a 0.5 sec to
1.0 sec window. If the published depnth estimate of 4.6 km
is accepted pP should appear beyond the 1 sec window.

It thus appears reasonable to assume that the cepstral
peaks are not the result of pP but rather result from
multiple gengfation on the fault plane or differential

path effects during propagation.

Results from EVENT A
Cepstrum analeis was applied to seven EVENT A

records. The cepstra are shown in Figures 33 and 34. The

delay-distance plot is given in Figure 35. The peaks of
greatest amplitude occur over a range of .35-.90 seconds,
with 5 stations having peaks of greatest amplitude in a

.70-.90 sec range. There is no later arrival consistently

.
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_cannot be made on tho basis of only four cepstra exhibiting
peaks in this range.

The results from BLENTON/TIHISTLE indicate that
cepstrum analysis is a potential method of detecting the
secondary arrivals for an unknown event, and that it was
possible to use the delay~distance and delay-azimuth rela-
tionships to identify secondary arrivals. However, the
delay-distance and delay-azimuth plots may prove very

difficult to interpret.

Results from the Massachusetts Mountain Earthquake

| The Massachusetts Mountain earthquake occurred on
August .5, 1971. The eéiceﬁter was located at latitude
36°54.94'N and longitude 115°59.42'W, and is shown on
the Yucca Flats map of Figure 15. The focal depth of
the earthguake was 4.6 km,*and the magnitude of the event
was 3.5. The epicenter was south of the Yucca Flats area-
of the Nevada Test Site; thus the earthquake had a great
circle propagation path nearly identical to that of the
nuclear shots detonated in that region. ‘Fischer and
others (1972) determined the nodal fault plane solution
to be a plane striking N22fw and having a vertical dip or
a plane striking N68°E and having a 86° dip to the north-
west. The main earthgquake occurred in an area having both
northwest-trending right-lateral faults and novrtheast-

trending left-lateral faults, and the focal plane solution

T e R = T i 2 G ey

A T TP s s
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Figure 32. Delay-azimuth plot for Massachusetts Mountain
earthquake.
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occurring which would indicate a slapdown arrival, nor is
there an absenco of arrivals at any station which would
indicate a multiple event. A suggestion of a consistent
secondary arrival does exist, and is indicated by the line
drawn through five of the delay points in Figure 35. The
slope of this line yields a moyeout'of 0.15 sec per 100

km and may result from pP.

The delay-azimuth plot shown in Figure 36 does not
aid in distinguishing a relationship for a secondary
arrival because of the lack of station coverage in the
90° and 270° azimuth area. The relationship for a single
event or for horizonta;ly separated events could be drawn
on the delay-azimuth plot for the data available. It is

not possible then to predict the nature of EVENT A.

Results from EVENT B

Ter: EVENT B records were available for analysis. Thé.
cepstra are shown in Figures 37, 38, and 39, and the delay-
distance plut in Figure 40. Eight of the cepstra have
peaks occurfing in the .4(¢-.55 second range, and a second
concentration of peaks occurs on eight of the cepstra in
the .70-.90 second range. The TPH and NEL cepstra have
no peaks occurring until .80 and.75 sec, rasnectively, and
considering this absence of @ ".ivals and the 171° dif-

ference in their azimuth with respect to the Nevada Test

.Site, TPH and NEL may possibly be located on azimuths

LI 2 " TG ey
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Figure 36. Delay-azimuth plot for EVENT A.
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perpendicular to the trend of a line connccting the cpi-
center of a double event. Considering the pecaks in the
.40-.55 sec range of the delay-azimuth plot of Figure 41,
the pattern for two events separated horizontally can be
drawn on the plot. The concentration of peaks in the
.70-.90 sec range may be associated with a pP arrival.
A line possibly related to pP is shown on Figure 40. If
this line is correct, it indicates a pP movement of 0.03
sec per 100 km. There is also a suggestion, indicated by
the dashed line in Figure 40, of &n event arriving with
relatively constant delay. This could be a slapdown
signal. ¢

On the basis of the delay-distance and delay-azimuth
relationships it appears that EVENT B is a horizontally
separated dipole. The separation appears to be approxi-
mately 1 km and trends in a N60°E direction. A slapdown )
signal was possibly generated 1.23 seconds following

detonation.

Results from EVENT C
Cepstrum analysis was applied to nine EVENT B
records. The cepstra are shown in Figures 42 and 43 and
Figure 44 is the delay-distance plot for EVENTlB. Seveh
of the cepstra have their first peaks occurring in the
.55-.70 sec range. A line through these pbints may be

related to pP and is shown on Figure 44. If correct,
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Figure 41. Delay-azimuth plot for EVENT B. !
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this linc indicates a pP movecout of 0.07 sec per 100 km.

The two other cepstra, LEE and ELK, have first peaks
occurring at .45 sec. None of the stations exhibit an
absence of peaks which would indicate a multiple event.
The delay-azimuth plot is given in Figure 45. It appears
that EVENT C is a single event with a pP arrival in the
.55 to .70 sec range. DAC, NEL, ELY, and LAC have an
arrival in the 1.5-1.7 range which could possible be a

slapdown arrival.

Results from EVENT D

Cepstrum analysis was applied to nine EVENT D
records. The cepstra are shown in Figures 46, 47, and
48, and the delay-distance plot is given in Figure 49.
Six of the cepstra have first peaks occurring in the
.45-.60 second range. A line of very small slope can be
drawn on the delay-distance plot through these points,
and this suggests a multiple event. LAC has a first peal
at .30 sec, and ELK and LEE have no peaks until .75 and

.85 seconds, respectively. From the delay-azimuth plot

in Figure 50 it is evident that it is possible for LEE

to lie on an azimuth perpendicular to the trend of a line
cornecting the epicenters of a double event, and the
pattern for two events separated horizontally could be
drawn through the data point. The theoretical curve for

horizontally separated events having a P-P delay of .50
\

i iosta
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Figure 45. Delay-azimuth plot for EVENT C.
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Figure 50. Delay-azimuth plot for EVENT D.
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sec is aluo shown on Figure 50. t i% alzo pozsible that
there is a pP arrival in the .65-.75 scc range with a
moveout of .05 scc per 100 km. The corresponding circle
with center at the epicenter could be drawn on the delay-
azimuth plot. Without data from the 260°-310" azimuth

interval the nature of EVENT D cannot be predicted.

Results from EVENT E

Seven EVENT E records were available for analysis.
The cepstra are shown in Figures 51 and 52, the delay-
distance plot in Figure 53,'and the delay-azimuth plot
in Figure 54. Four of the cepstra have first peaks
occurring in the .45-.55 sec range. ?his could be an
indication of an arrival. There is also an indication
of a possible pP arrival in the .80-1.00 sec range with

moveout of .09 sec per 100 km. Lines of delay-distance

dependence have been placed onAFigure 53, but are dashed

because of limited data. The possible delay-azimuth pP

4

relationship has been drawn on Figure 54. The lack of
data in the 330°-80° azimuth range makes impossible any
prediction of the nature of EVENT E.
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Suggestions for Further Research

The use of cepstrum analysis in connection with the
establishment of delay dependence on azimuth and distance,
as proposed in this study, should be extended to include
additional natural earthquakes. This would provide a more
valid basis for determining the ability of such procedures
to differentiate earthquakes from nuclear events.

Any future application of cepstrum analysis should
involve the recovery of the scale factor "a". This would
be particularly important in attempis to identify pP at
first zone distances. The "a" factor might also prove of
some value in eliminating extraneous peaks. The utility
of "a" in this connection, however, will be severely limited
by its ambiguous nature.

The use of the pseudo-autocorrelation, suggested by
Bogert, Healy, and Tukey (1963), should be investigated.
The pseudo-autocorrelation would be particularly valuable
in the identification of the pP arrival. This method
also has the potential of improving the detection of all

arrivals as it should reduce the overall noise level.
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APPENDIX A

TYPICAL ANALOG RECORDS
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APPENDIX B

CEPSTRUM PROGRAM LISTING




-107-

$5%35533583

>~

ONIK 8= N 1Nn3 1J3¥¥02 ATIVIY ICN SI AJYHNIJY
INIL1RO03 NOTLVII¥Jddiing 3KL 4C G3UINDZY ASVINIIY 3JHL SI JJY
4CL13V¥3 37vIS 3H1 SI J4S

1V V1IVG 135d¥3INI C1 IN3KW3Y¥ONI 3H1 ST JNIV

viVC 3H1 ONIL13JHYIINI NI 35N Ol tOLVY3d0 33435C ZHL SI YEN

YHOZ4dNSTddN (L13T8S)CV3Y
KLSICe 4 VISeZL16T14¢3IVe4SeONIVEVYEN (L32T°S)CV3Y

(8Z28T=Le(r)3T1111) (622T¢3)3114AN
(8Z¢1I=r*(r1371I1) (2T3TeS)QAVIY

/73¢0TT/77 vivce
(CS3Z)dRI*(0SOCIS*(3CTIIX NOHWIZ
(0E£)33CO4(CTINY NOISNIRIC
(3T43T)dVe(STIXVY NOISN3KIC
(8Z)3T1XL14(0G0CTIANIC(Z )T NOISNIWIC
dRkd X31dKWOD

SIN3HZ1V1S NCISNIHWIG

33333538333 $53333338S $333533588sS

AV¥3d 3H1 asC AVI2C 3HI
A8 CZAVI3Q TWAILEY CNOTZ3S ¥ 1S3SSNS 1I XNV3d SNCYULS V SYH

iNdiN0 TYNIS SIHL 43I 13S INGNI 3H1 4C ALISN3C TVE133dS UiMOd

$321333388

3H1 30 ALISN3C IVELJ33dS t3AMCd 3HLI SNIWY¥3130 TIIA WVYLS0¥d

21 CNY T4
SZWI1 IV C3MOCNIN X 13S VIVC 53 SISATVYNY HWNY1ISd3ID ¥O4 WVLO0Yd
$3333838388$ $53$33338333 $93$¢33538883

¢

LLLLOL L

Vo

QLULLLOLLLOLOLOLLOLOLOLOL

T




(2243)3114N
. (INST=Zre(r)S) (2*3)351148M

£249)35114N
(INST=re(r)X) (Z<9)31IYN

R e !

voLvoLow

i . (H1SIQ® JTYISeANILEANOD TIVS

Q

J3YSYONSOINIVedN (CTIJT*9)3L1IYN

3NNIINOC TTL
cIL Cc1 0¢

T-dN=dN £TL
TIL 01 OS

£TL 01 09 (T"3°L1 T (JdNISIII 2ZTL

OT-Nr=dN 83L
OTsNP=NP

SNNILINOS LOL
INCOPZTILSITrIX*(TINr)S) (B3L=CN3*92LT*S)GV3IY

- 6+ PNT '

CTeTIS0ZT=r LOL0OC

CHV3J ¥3d SINIOd Vv1VC N31 SNIKNSSY ¢dN INIW¥313C 23SV

— - — s A
— 13S Vv1ivQ 3H1 NI Jv3y

-108-
}
. {
S e oo ghepi s S e s Y

| C3INI&Jd =6 01 SLCTI4 3IHL 30 LHSIZH 2HL SI 8K
ANY1Sd33 ¥04 C311077a 58 C1 SINICH VLIVC 40 ¥ZGKRNN 2HLI SI ZddN

YE133d6S 20NLITTIRVY 3HL 804 C35110774 26 CL1 SINICd VYIVG 40 MZIGRON 3HL SI TddN

ViV3 3KH1 NI CNCOJO3S dZd SEZ2ISWITIIN 30 H3EWNN 3F1 SI KWISIC

G31InITIIR L34 SSINZRIYINI VYIVG 48 YISHNN 3HL SI 47V2S

- MOCNIM VLIVC 50 GN2 ZH1 3I 21
<hdounhc<»mromuﬂmram<m1Jon2m:<~¢nu0b34hwmzhwudh

OOLLLOLLLLLLLOLOLOLOL




-109-

T=131S1

%6 C1 O3

SANILINOS

0108 C1 05 (XX®39°(I)SC®ONV*XX*°3T°(TI-135)41
Iz1n01

dN®13SI-I TIT1C:z0C

SNIV SIN33IR3HONI IVNE3 LV ViIVG L13¥4dYIINI

=131
VENZN
J* 0=XxX
J=NON

TI=VN

SINVLISNOD AXVYSS3IJOZN 13S

(£33 )31TYN
{dNeT=re(ri)s) (Z*9)31IHA
{€C3T¢9)31I4N
(£3¢93)31T4N

(AN T oI IX) (C*9)3JIYN
{TCOT*9)31IUN

S3I¥3S SKWIL1 3H1 INO SLIYA

83090T C1 03 {(C°E3°dN)JI
{CLOTL4ININIININ TIVI
X AvdEY NI NiAL38 13S VIVC 3HLI KWOY4 TTVYN2IS C3¥IS3C 3HL 133713S

IS/t 1Xx=U(rix
dNeT=r %1 2C
13S V1IVYC N3AI9 3HL 2IWIS

ofgasg

I10¢

020¢%

L] ¢

3

OO

LooLL

LLOL




-110-

T-VN=dN
<8 C1 08 (0°2°13°EV) 4l
XX-(dN)S=GY &6
Z6 C1 0¢
T-=NONX
I-N=N €6 S
320¢ 04 039
£6 Ci 00 (dN°®1S°N) 41
T+N=N T6
Z8 01 03
Ic CL 02 (XX®°L171°(LNOI)S) AL
hE 04 09 (O°L7°NON)JI
INIVY X X=X X
T+YNZ-VN
(C°Ce3N VAIXTIIRZ=(VYN)IIHS
(QONDSeQLSHI*SNTIVYAS XX S3CICVENSAYEXYIASISIVY TIVS -
(3T4TL442030C°00C T 2syYENSANYOXYINIISIY TIVS
INNIAINOS L2
(TeI)dY=(I)NY
VINT=I L8nZ0C Z8
(NNeTI=re(1eri)dv) (C*3)311I4N d
T-i=NN
INNIINOS ONOE
Tz
(INX=(T*r)dY
(Z)IS=(rixy
CN3I*141ISI-I Ca0£0C
. T=r ££0¢
TECE 01 C9 (4N®L12°CNII)4I
Jg0f 0L CS (T*177°1¥i1SI)41
I-Z2/VCNK +.3SI-CN3I
C/YCN-13ST=144SI
INCI=13S1I O1G¢
220¢ Q01 08
dNZON3I
T¢ VIN-AIN=181SI T3¢
£:0%f 01 02
VEN=CN3IZ '




-11l1-

(YY3 3T ToSOANI*TodNI INEYH T1V3
(3°08(rIXIXTIHI=(L IdKH I

dNeTIZr C2 0C

84l 2=dN

RYCISNYYL Y¥3TYrod 3IHL INIJ

(NS T2 (LX) (Z2¢9)31TYN
(233T¢3)31Tyn

G3WE34SNVY1 38 0L S3IY3S WICL LINO SLIuA

g°3=(ri)x
8a324A=r 3T 0Q

SINCCd 8632 40 S3Id3S VIVGC TviCLl 3AIS OL .SO¥3Z 21vINdO3ddY COV

Te dN=X
(£343)3174N
(N&dN)GE3dVL TIVS
(NedN)TCHCI TIVI

NOILVYI3¥Y02.0INY 3HL ANIJ
(£349,311I4nN
(ANOCT=Le(rIX) (32LT¢L131TYAN
(INSTZfe(r)IX) (243)31TYAN
(TC3T¢9)31TI4AN
(£349)31TUN

ViVQ C3L3¥J¥3INI INO 351IYAM
(I XR2IIVIE=(r DX
dNeT=lF S6 0OC

X AVYYY NI H3ITEVIS3

SNIV SIVAYSINI IVNC3 1v G3123¥dyIINI MON SI Vivg

02z

ST

S6

(S NS (SIS (S8 LLOL

Voo w

LLOLO

s e -




; YU133dS 207 40 NCILVI3EHOICLINY 40 WYOISNVYL :3I¥NO4d CNI S

LOLOOL

(£35S )31TYHAN
(NSNNJY3IdVL TIV¥Y3
N=)
(NENN) TH0S TIVI
RNY13Z2dS 9CT 3H1 40 NOILVIIEE0301NnY 3HL1 CNIJ J

S Z0 T=NN
(SZOTIXACLIX=(r)X £S

SZO0T*T=r £S5 0OC
0¥3Z ¥YY3N =ZNIT3ISVE 13S J

=112-
(3)

((rIX10T30IV=(r )X 25
SZC1IsT=r ZS 0C
Y¥L1J33dS 207 GNId 3

(SCCTIX=(TIX
(SNIVSYHSTddN X) 4107d TIve
(£263)31IYN
(SZCTTI=rs(rix) (2*9)351I4N
(ZCCT+3)31IYUN

Vd133dS 3CNLIITdHY L1NO0 S1I¥A

(SN ]

((r)IHHC ISEYI=(rIX 0OS
SZ3TsI=r 35 0OC

dRI HYCISAVJILl ¥3I¥NO3 X3ITdWOI 4T YelId3dS ITCCLIITWIKY ONIZ

LA NSNS ]

i




-113-

. (/7/7%: 444 00600% :
+e 440 4L 02 20 XXX e 9000 o 802 {

2% o/7X2%2YSSYETOX0OL%s o/XE2VOIVITOXSL s o /XC8s 023000000 T ] {
2436900000 YR XY 2400040094 ,8X02%,7T+)IVHE04 620T

(/774SIN3RIYINI ShIle®s o)iVWHOJ 8001
(SIeL°0T34SI2)4VRHE04 LTICT
(£°CT4L%3TI)LVHE02 LTCT
. (2veeyIT)LIVWEO4 3331
(/77%410Nd1NT TVYNIds®s o) .IVWYI4d S30T i
(/77%:V¥125dS SCNAITdHY ¢ s #)LYWHO4d £00T
(/7% NCILIONNI NOILVIZHESSOLNYe®s »JLIVHYO0J 20GT
€/744533743S SRILl INANI+%sT4)iVRE04 TOOT
(/7777%¢ %+ +)LVRHYO4d £9
(£°2T30T¢, +)1VHI04 2

MOTTI04 SLYHYO0I

VOLO

(ONIVS EHO 2ddNeX) 3107d TIV3
INST=Ce(r)S) (249)31TIuM {
(TT3T¢9)31IYN :

(£3¢9)31TYN . ]
SNIve(TI-r)LIVOI3=(r)S 29 i
NeT=r 29 0C :

-]
(COTTCT=Fe(rIX) (Z49)31I¥A
(SCCT#3)31THA
3
KN:L1Sd33 3KL 1N0 SLIY¥A 2
u g
((F)dWI ISEVIZ(FIX 09 |
03TTeI=r 09 04
3 t
X 13S V1VQ JC WN¥1Sd3Id ST SIHL 3
dW) WYOJSNVYL W3IT¥N04 X3TdWOD 43 VE123dS 3IGNLITHY INI -
3

(HYISISTASOANL*TOHHD IHEYH T1TVS
(0°08 (M) XIXTAI=IL IdHI SS
€aC2Z¢T = SS 04 ‘




(NeT=Pe(r)X) (2¢3)31I4RN

(T¢9)31I4N
(NIS/ZE(r)S=(r)X
dNeT=r &7 OC
T+NZN

T-dNe (ZdN
(P-dN)S=(fedN)S
N+TzZr €T 0C
T-dN=N

3NNILINDS
KAS=(r)S

RNSe(r-I+dN) Xe (I IXZHNS

re1=z1 21 0C
C°3zRAS
dNeT=r TT 0C

(3GS02Z2)S*{3SCCIX NOKWHOS
(NedN)TIIY¥O0J 3NILAJYENS
T3¥03 xIveydde

1
-«
~4
~

[

GN3
Ninl 3y

{Ve ViV )dX3s( M) X= ()X
e (IP-N)LIVCTIHd) =Y

dNe¢I=Ff T 0G

(Zes¥)/(Z°C)30IV=V4Y

(NJ1V32T4e3°3=Y

(3G02)S*(3SCZIX NOHKOS
(NOJINIYUIJYL 3NILNO¥ENS
83dV¥L XIveyzCi®

(/74S3KHIL1 KHNELS 3340,

30 ACYYNIIV C3YUINC3IY HIIM«4XZ053I0,

CN3

(SIS

d0l1lS 0332t
(3°%402)1VRY04 FLLT

(7/705°L4%4 2

CRNISNoXG9aSCNIDI5e #X28 1

£°63%: AY3A3 Q031VYI0dU3INIe®*s o4/514,

SINIOd 30 YZBKNNe*s o) LYWYOJ4 OT3T

¢} IVKRYO4 YTI31




21-tX)s=8

(T-%)S-21=V

N¥NL 3y

0=dN

{209 )31JYN

3NANIINOZ

91 014 C9 (21°23°tr)s) il
=y

dNsI=r ST 0C

dIN-N=I

I-%X (a*°371° Vil
T1-t®)S=8§

(I-M)S-T12YVY

Nin13y

C=dN

(Te9)31iIYN

3NANILINOJ

TT 01 CS (TL1°12°(r)S) il
(|

dNeI=r 31 OC

=115=

3NCQC ICN SVA SIHL hv¥Sc¥d 1S31 SI SIHL1 3ONIS

SITEVIYYA SV RYHOCUY4 NIVR 3H1 WCHY4 Q3SSvd 38 GINOHS 813 ONV dIN
9-8iN
§-3LN

(COTH)IdKI®(TSCZISE(3SCZIX NOWKWOS
(C1°T1*dN)IROCNIN SNILACYHENS

91T

ST

Tt

ot

LooLo

LO

MIGNIN  XxIveyos®

GN3

NaNni 3y

(£°CT43T%s ) 1VHYOI

(/7% «NOILZNNS NCILVIZUU0I0LNY CSZITVRUON®e o) 1VKJOJ

P4
¢

il




-116-

GN3
N¥NL3Y
(/77 405LUCEY HVYET

oC¥d S3I&3S VIiV3I 40 GN3 01 3S07J 0C1 SI MCCONIM 4C GCNie®e s)1VHIOJ

0=dN

(5°3)31XYN

Nyni3y
€/77.0318C87 KVECAYdT

S3I¥3S V1iVQO 40 1YviS 01 3S07J 001 SI AMOCNIAM 40 l¥Y¥LSe®s o) IVRWHOI

O=dN
(03)31TYAN
N3NLl3¥

(7758°0L3%s 3RIL Cle®X2°£°Li®e 3WI1 HWHCYI MOCNIMN VIVQe®. o)1VWYOJ

RYHICBd SIIY3S vivad 4C JIN3 N3HL §31v3¥s

(/7 .C31H808YT

ROGNIM 4C ONJe%s o)IVRHYOJ

(/7743315067 KT

S

1 $Y

L

g
£

r4

YES0¥d HICIN3T S3I33S VIVO NYHL ¥31v3Y¥3 ROCNIAR 40 1¥V1Se®s #)IVHUO4 T

"MO1IC4 S1VHY¥O0S

{AN®TSGEIN*IINISCN3 TTIVS

T-YN=dN

3NNIILINOZ

TeYNZVYN
ISYVE-(L)IX=(VYN)IX
1-(r)SZIVYN)S

¥e1izr 22 0C

(I1)s5=1

{IXX=3SVSE

I=V¥N

(XIS (IS (Z°9)31IYN
TE CL C3 (gN°19°M) 41
80z 01 02 (1T°47°1 41
GINeM=X

I-%)Y (3°37°Vv)Jil

-

0

VLV




-117-

3NNILINOJ
(K1SICedI¥I5)/(1SUISS-(IISI=(I)S
dN*1=I 0OT04Q

(T)S=1SdIdS

3NNIINOS

3°2033T-(IIMX=(IIXX (C*00GS*1S°(IMX-(ITI)X D) ]
T¢I-TI1

14N¢T=I 0863C

TI-dN=1dN

(0SCZIS*(3STTIX NOIKWHOS
(K1SIC*4TVIS4AN) IYANOD 3NILNJ¥ANS

JYANCIO XxIvel¥O @

aN3Z

NYN1 3y
(FIXe(0°2/7CE3IHA+EL/ ([ )SeIdeI°ZINIS*C T )=l )X
INeNZr TT OC

BN-3N=N

(CIX8(0°2/ (L 43Hd*3L/7(0)SeIde3°ZINIS*+3°T) )= ()X
NeSN=f 3T 0C

3Ne* SN=KN

({IN-3NIS-(3N)S)e0*2=81
((SN)S—(iINeSN)5)e0°2=d1
((AN-3NJIS-(3N)SI/((EN-5N)S*Id)-6=E1Hd
CISN)S—({IN+SNISI/ (ISNISeId)-V¥=A3Hd

g*2sId=¢

63INTI*SE=1d

C*Z/76SThI L L=V

(COTH)IJKI4(DSDZIS*(T3STZIX NOWROS

(INCSNSCNG JNISON3 3NILNOYENS

SGN3 XIvejyom®

0]} ¢

(o} )

Tt

ot




!
> -]
()
—-
L

aN3

NiN13y

3ANILINGCO
(H1ISIGedTVISI/Z(CIMX~-(IIXI=(IIX
dN¢*TI=I 2£0C

dN/7101X=Q3HX
3NNILINOD
(I)X+101X=101X
dN*T=-I 020G
0°0=101X

—

gs

0c

e

i

T e—————




